1. Introduction {#s0010}
===============

In recent years, cardiovascular diseases (CVDs) have been a major cause of death worldwide. Vein thromboses are one kind of CVDs, which inevitably lead to a high death rate owing to their origin from the disorders of the heart and blood vessels. For example, deep vein thromboses and pulmonary embolisms can be dislodged and move to the heart and lungs, which present a danger to health. It has been reported that thrombotic embolisms are responsible for the death of more than 26 million people worldwide annually [@bib0010]. In addition, the death rate may rise in future because of the increasingly unhealthy eating and living habits. Therefore, the discovery of effective treatments for thrombotic diseases is important to decrease the morbidity and mortality associated with thrombosis.

Currently, various agents have been used in the clinical treatment of thrombosis, including urokinase, streptokinase, tissue plasminogen activator (t-PA) [@bib0015], anisoylated plasminogen streptokinase activator complex (APSAC) [@bib0020], and single-chain urokinase-type plasminogen activator (SCUPA) [@bib0025]. However, all of these agents function by converting plasminogen to plasmin [@bib0020]; hence, they may be ineffective for the therapy of thrombosis that has developed beyond a certain extent, such as chronic vein thrombosis, which is associated with a lower plasminogen level than that reported for other common thromboses. Moreover, these thrombolytic agents exhibit many limitations in clinical applications, including a low specificity to fibrin [@bib0030], [@bib0035], severe toxic effects such as hemorrhage [@bib0025], [@bib0040], [@bib0045], and a short half-life in the body, which influences the fibrinolytic efficiency of the drug [@bib0050], [@bib0055], [@bib0060]. Additionally, these drugs are generally expensive because of the scarcity of the source [@bib0065], [@bib0070].

Nattokinase (NK, 27728 Da [@bib0075]), produced by *Bacillus subtilis* natto, has been identified as a polypeptidase with strong thrombolytic efficiency. It comprises 275 amino acid residues [@bib0080], which contain eight lysine residues and no disulfide bonds in the structure [@bib0085]. The thrombolytic mechanisms of NK have been studied clearly and the following steps were reported: (1) direct degradation of the cross-linked fibrin of blood clots [@bib0055], [@bib0090]; (2) conversion of pro-urokinase to urokinase [@bib0095]; (3) activation of vascular endothelial cells to produce t-PA [@bib0100], [@bib0105]; (4) degradation of plasminogen activator inhibitor-1 (PAI-1) and the consequent reduction in the hydrolysis of t-PA [@bib0110], [@bib0115]. Based on these mechanisms, it is clear that NK can not only activate the fibrinolytic system, but also act directly on cross-linked fibrin, which confers NK with remarkable thrombolytic efficiency and an excellent ability to consistently enhance fibrinolytic activity. It is important to note that owing to this property, NK may be effective in the treatment of certain types of thrombosis, such as chronic vein thrombosis, which do not respond to other thrombolytic agents. Moreover, other properties of NK are also advantageous for its potential use as a highly effective thrombolytic agent. First, it was reported that NK showed no genotoxicity *in vitro* or adverse effects in male and female SD rats at an oral dosage of 2000 mg/kg [@bib0120]; therefore, NK is a relatively safe proteinase with a strong foundation to support its clinical use in the future. Second, NK possessed properties that confer sustained efficiency in the body, including the resistance to trypsin hydrolysis, stabilization in the gastrointestinal tract [@bib0125], and a long half-life [@bib0130]. Third, owing to the possibility of a production method involving bacterial fermentation, NK is suitable for industrial production; moreover, the production process has a short production cycle, high yield, and low cost [@bib0070]. Therefore, it is clear that NK is an ideal novel biochemical agent for the prevention and treatment of thrombosis.

However, at present, the commercially available formulations of NK are predominantly oral preparations, which have many disadvantages. It has been reported that the gastrointestinal uptake of intact nattokinase is limited because of its large molecular mass and low absolute oral bioavailability (less than 1%) [@bib0120]; additionally, an increase in the serum activity of the intestinal isoform of alkaline phosphatase (ALP) was observed in rats that were fed NK. This might be attributable to the effect secondary to the test substance-related hepatobiliary effects, such as cholestasis or biliary hyperplasia [@bib0120]. Furthermore, oral administration is unsuitable in patients who are in a critical condition, coma, or have symptoms such as vomiting. To improve the utilization of NK, an injectable formulation is necessary. Additionally, although NK is relatively safe, there is a risk of hemorrhage following administration via intravenous injection, owing to the stronger thrombolytic activity of NK than that of other fibrinolytic agents. In summary, the development of an injectable formulation of NK with a relative high thrombolytic efficiency, but low toxicity, is required.

NK is as an alkaline protease with multiple positively charged amino acid residues on its surface [@bib0085] and an isoelectric point (p*I*) of 8.6 ± 0.3 [@bib0135], [@bib0140]. We aimed to exploit these characteristics, by the preparation of NK in a complex with an anionic substance, to obtain a formulation with lower toxicity and a higher thrombolytic efficiency.

Bile salts exist mostly in the form of glyco- or tauro-conjugates *in vivo* [@bib0145]. As the main components of bile, they perform important roles in the digestive system, have multiple functions in the emulsification and solubilization of lipids that promote the digestion and absorption of fat, affect phospholipids and proteins of cell membranes, and disrupt cellular homeostasis to resist aggression from pathogens and commensals [@bib0150]. Among bile salts, the tauro-conjugates, which predominantly comprise sodium tauroursodeoxycholate (TUDCA), sodium taurocholate (TCA), sodium taurochenodeoxycholate (TCDCA) and sodium taurodeoxycholate (TDCA) [@bib0155], contain many sulfonate groups [@bib0155] and are regarded as promising candidates for complex formation with NK. Of these, TUDCA shows higher safety and better effect. Narain et al. reported that TUDCA had a lower hemolytic risk than TCA, TCDCA, and TDCA did [@bib0160]. From a pharmacological perspective, TUDCA serves as the main conjugate of ursodeoxycholic acid (UDCA), has beneficial effects against cholestasis and liver dysfunction [@bib0165], [@bib0170], and has demonstrated potent clinical efficacy as a choleretic (marketed as Taurolite® in Italy) to treat patients with biliary atresia [@bib0165], [@bib0175]. Furthermore, TUDCA demonstrated improved efficacy compared with UDCA in the treatment of cholestasis and primary biliary cirrhosis [@bib0175], [@bib0180], [@bib0185].

As the structure of NK possesses an abundance of positive charges, we attempted to prepare a complex of NK with reduced toxicity, in which the NK was the cationic moiety of the complex when the pH value of the solution was below its *p*I value (8.6 ± 0.3) [@bib0135], [@bib0140]. TUDCA was selected as the anionic moiety for conjugation with NK because it has negative charges at pH values above its pKa (\<2) [@bib0190]. In particular, the addition of TUDCA might contribute to a solution of the problem of cholestasis or biliary cirrhosis that occurred after oral NK administration [@bib0120], although it was not clear if this problem was caused by NK, or the oral administration of NK, or both factors. Therefore, it was feasible to form a novel complex of NK in which the toxicity of NK was reduced by the addition of TUDCA in order to achieve better treatment of thrombosis. Acute toxicity analysis and repeated low-dose challenge were performed to evaluate the toxicity of NK-TUDCA; an *in vitro* thrombolytic test was used to verify the thrombolytic efficiency and uncover the mechanism responsible for toxicity reduction.

2. Materials and methods {#s0015}
========================

2.1. Materials {#s0020}
--------------

NK (17.9 kIU/ml) was provided by Sungen Biotech Co., Ltd. (Guangdong, China). TUDCA was purchased from Aike Reagent Co., Ltd. (Sichuan, China). The 5% glucose injection (5% Glu) was from Cisen Pharmaceutical Co., Ltd. (Shandong, China) and the 50% glucose injection (50% Glu) was from Tianjin Pharmaceutical Group Xinzheng Co., Ltd. (Tianjin, China). Trisodium phosphate (Na~3~PO~4~ ⋅ 12H~2~O) was provided by Sinopharm Chemical Reagent Co., Ltd. (Beijing, China), and sodium dihydrogen phosphate (NaH~2~PO~4~ ⋅ 2H~2~O) was purchased from Xilong Chemical Co., Ltd. (Guangdong, China).

2.2. Animals {#s0025}
------------

Male Kunming mice (weight: 18--22 g) and male New Zealand white rabbits (weight: 2.0--2.5 kg) were purchased from the Experimental Animal Center of Shenyang Pharmaceutical University (Liaoning, China). All mice and rabbits were given free access to food and water and all animal experiments were in compliance with the guidelines for the Care and Use of Laboratory Animals at Shenyang Pharmaceutical University.

2.3. Preparation of solutions {#s0030}
-----------------------------

### 2.3.1. Preparation of NK and TUDCA solutions {#s0035}

NK solution (2.8 ml; 17.9 kIU/ml) and TUDCA (500.00 mg) were added to volumetric flasks which were with filled with an appropriate volume of sterile water in advance. The pH of the solutions was adjusted by the addition of NaH~2~PO~4~ solution (833 mM) or Na~3~PO~4~ solution (158 mM). These solutions were diluted with 0.5 ml 50% Glu and sterile water to a total final volume of 5 ml and mixed for 2 min. The solutions were filtered through a 0.22 µm membrane filter to obtain solutions of NK (10 kIU/ml) or TUDCA (100 mg/ml) with different pH values (5.0, 6.0, 7.0, and 8.0). In addition, solutions of NK (500 IU/ml, pH 5.0) and TUDCA (5.00 mg/ml, pH 5.0) were obtained by further dilution. Moreover, a TUDCA solution (100 mg/ml) or NK solution (10 kIU/ml) without pH adjustment was prepared by the same method but without the addition of the compounds for pH adjustment.

### 2.3.2. Preparation of NK-TUDCA solution {#s0040}

TUDCA (17.90 mg) was added into NK solution (1 ml; 17.9 kIU/ml) and mixed for 2 min. The solutions were adjusted to different pH values (5.0, 6.0, 7.0, and 8.0) by the addition of NaH~2~PO~4~ solution (833 mM) or Na~3~PO~4~ solution (158 mM). The solutions with different pH values were diluted with 180 µl 50% Glu and sterile water to a total final volume of 1.79 ml and mixed for a further 2 min. The solutions of NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml) at different pH values (5.0, 6.0, 7.0, and 8.0) were obtained after filtration through a 0.22-µm membrane filter.

The NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA: 1, 5, 15 mg/ml; pH 5.0) were obtained using the method described and by adjusting the added amount of TUDCA to 1.79, 8.95, and 26.85 mg. Additionally, these solutions were subjected to a 20-fold dilution to obtain NK-TUDCA solutions (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0).

### 2.3.3. Preparation of mixed solution of NK and TUDCA {#s0045}

First, the NK solution (NK: 1 kIU/ml, pH 5.0) and the TUDCA solutions (0.10, 0.50, 1.00, 1.50 mg/ml, pH 5.0) were prepared by the dilution of NK solution (NK: 10 kIU/ml, pH 5.0) and TUDCA solution (100 mg/ml, pH 5.0) with 5% Glu, respectively. Then, an equal volume of NK solution (NK: 1 kIU/ml, pH 5.0) and TUDCA (0.10, 0.50, 1.00, 1.50 mg/ml, pH 5.0) were mixed together for 2 min. Finally, the mixtures were filtered through a 0.22-µm membrane filter to obtain the mixed solutions of NK and TUDCA (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.5, 0.75 mg/ml; pH 5.0).

2.4. Acute toxicity of NK and TUDCA {#s0050}
-----------------------------------

### 2.4.1. NK toxicity with different concentrations {#s0055}

Male Kunming mice were randomly divided into five groups of three animals each and injected with NK solution (100 mg/ml) via the tail veins at dosages of 150, 130, 100, 80, 650, 40 kIU/kg. During the experimental period, the survival time, survival status, and tail injury of surviving mice at 48 h after injection were recorded to assess the toxicity of NK solution.

### 2.4.2. TUDCA toxicity with different concentrations {#s0060}

Male Kunming mice were randomly divided into six groups of three animals each and injected with TUDCA solution (100 mg/ml) via the tail veins at dosages of 1300, 1040, 910, 780, 650, 260 mg/kg. The toxicity of TUDCA was recorded similarly as described above, to assess the toxicity of the TUDCA solution.

2.5. Acute toxicity of NK-TUDCA {#s0065}
-------------------------------

### 2.5.1. NK-TUDCA toxicity at different pH values {#s0070}

Male Kunming mice were randomly divided into eight groups of three animals each and injected with NK solutions (10 kIU/ml, pH 5.0, 6.0, 7.0, 8.0) and NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0, 6.0, 7.0, 8.0) via the tail veins at a dosage of 130 kIU/kg NK. The toxicity of NK-TUDCA solution at different pH values was recorded as described in [section 2.4](#s0050){ref-type="sec"}.

### 2.5.2. NK-TUDCA toxicity with different concentrations of TUDCA {#s0075}

Male Kunming mice were randomly divided into five groups of three animals each and injected with NK solution (10 kIU/ml, pH 5.0) and NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA: 1, 5, 10, and 15 mg/ml; pH 5.0) via the tail vein at an NK dosage of 130 kIU/kg. The toxicity of NK-TUDCA solutions at different concentrations of TUDCA was recorded as described in [section 2.4](#s0050){ref-type="sec"}.

2.6. Repeated-dosage toxicity of NK-TUDCA {#s0080}
-----------------------------------------

Male Kunming mice were divided into three groups of six animals each and injected with the solutions of NK (13 kIU/kg, pH 5.0) and NK-TUDCA (NK: 13 kIU/kg, TUDCA: 10 mg/ml; pH 5.0) diluted in 5% Glu. The mice received daily injections for 7 d of the different preparations via tail veins. The survival rate, body weight, and food uptake were monitored during the experimental period. The average daily food uptake was calculated by the following equation: $\mathit{average}\,\mathit{daily}\,\mathit{food}\,\mathit{uptake} = \frac{\begin{pmatrix}
{\mathit{initial}\,\mathit{food}\,\mathit{weight}} \\
{- \mathit{residual}\,\mathit{food}\,\mathit{weight}} \\
\end{pmatrix}}{the\,\mathit{number}\, of\,\mathit{mice}}$.

2.7. *In vitro* thrombolytic activity of NK-TUDCA {#s0085}
-------------------------------------------------

First, the blood clot was prepared. Briefly, blood was collected from the heart of New Zealand white rabbits into a medical sampling tube with pre-added bacteriostatic agent and stored at 37 °C for 4 d under an atmosphere of nitrogen to enable the successful formation of a blood clot. The blood clot was then cut into small patches of approximately 0.2 g, cleaned using 5% Glu, and accurately weighted after removal of the liquid on the surface of the blood clot by filter paper. The small blood clots were transferred into 1 ml of the following solutions, all prepared in 5% Glu: TUDCA solution (5.00 mg/ml, pH 5.0), NK solution (500 IU/ml, pH 5.0), NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA: 1, 5, 10, 15 mg/ml; pH 5.0), NK-TUDCA solutions (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0), the mixture of NK and TUDCA solutions (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0), and then incubated for 0.5, 2, 4, 6, 8, 10, 18, and 24 h at 37 °C. After incubation, the blood clots were removed and accurately weighed after the liquid on the surface of the blood clots was removed by filter paper. The relative dissolution percentage was calculated using the following equation: $\mathit{relative}\,\mathit{dissolution}\,\mathit{percentage} = \frac{\left( {m_{s} - m_{n}} \right)}{m_{s}} \times 100\%$where m~s~ is the weight of blood clot before dissolution and m~n~ is the weight of blood clot at different time points.

2.8. Characterize of NK-TUDCA {#s0090}
-----------------------------

The zeta potential of NK solution (10 kIU/ml; pH 5.0), TUDCA solution (10 mg/ml; pH 5.0), and NK-TUDCA solution (NK: 10 kIU/ml, TUDCA: 10 mg/ml, pH 5.0) was estimated by using a dynamic laser light scattering instrument (Nicomp™ 380 Submicron Particle Sizer; Particle Sizing Systems, Port Richey, FL, USA). The particle sizes of these solutions were measured by using a dynamic laser light scattering instrument (Nicomp™ 380 Submicron Particle Sizer; Particle Sizing Systems, Port Richey, FL, USA) at a wavelength of 632.8 nm. The morphology of NK-TUDCA was observed by transmission electron microscopy (TEM, JM-1200EX, JEOL Ltd., Japan) as follows. NK-TUDCA was dropped on a formvar-coated copper grid (300-mesh, hexagonal fields) and stained with phosphotungstic acid solution (2%, *w/v*). The sample was allowed to air-dry overnight at room temperature before measurement.

3. Results and discussions {#s0095}
==========================

3.1. Toxicity of NK and TUDCA {#s0100}
-----------------------------

### 3.1.1. Toxicity of NK {#s0105}

The toxicity of NK was assessed through the administration of different dosages of NK solution to mice. The results of survival time, survival state, and tail injury of surviving mice at 48 h after injection are presented in [Table 1](#t0010){ref-type="table"}.Table 1The toxicity of NK after a single intravenous injection to mice (n = 3).Table 1Injection dosage (kIU/kg)Death rate (%)Survival time (min)State1501000.25, 0.33, 0.42[ddd](#tn0025){ref-type="table-fn"}1301001, 3, 2[ddd](#tn0025){ref-type="table-fn"}100100150, 258, 204[ccc](#tn0020){ref-type="table-fn"}800[a, a, a](#tn0010){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}400[a, a, a](#tn0010){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}[b](#tn0015){ref-type="table-fn"}[^2][^3][^4][^5]

As shown in [Table 1](#t0010){ref-type="table"}, the survival time of the mice was extended by a decrease in the dosage of injected NK solution. The mice immediately died after injections of NK solution at 150 and 130 kIU/kg. While the mice were still alive at about 240 min at 100 kIU/kg, they exhibited symptoms before death, such as shortness of breath, movement reduction, drowsiness and tetany. When the injection dosage was decreased to 80 kIU/kg, all mice survived.

### 3.1.2. Toxicity of TUDCA {#s0110}

The toxicity of TUDCA was assessed through the administration of different dosages of TUDCA solution to mice. The results of survival time, survival state, and tail injury of surviving mice at 48 h after injection are presented in [Table 2](#t0015){ref-type="table"} and [Fig. 1](#f0015){ref-type="fig"}.Table 2The toxicity of TUDCA after a single intravenous injection to mice (n = 3).Table 2Injection dosage (mg/kg)Death rate (%)Survival time (s)State13001006, 7, 7[ddd](#tn0045){ref-type="table-fn"}104010020, 18, 23[ddd](#tn0045){ref-type="table-fn"}9100[a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}[ccc](#tn0040){ref-type="table-fn"}7800[a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[c](#tn0040){ref-type="table-fn"}6500[a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}2600[a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}, [a](#tn0030){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[b](#tn0035){ref-type="table-fn"}[^6][^7][^8][^9]Fig. 1Tail injuries of mice administered 5% Glu (A) and TUDCA solution at dosages of 780 mg/kg (B), 650 mg/kg (C), and 260 mg/kg (D).Fig. 1

As shown in [Table 2](#t0015){ref-type="table"}, the survival time of the mice was extended by a decrease in the dosage of injected TUDCA solution. The mice immediately died after injection of TUDCA solution at 1300 and 1040 mg/kg. When the injection dosage was decreased to 910 mg/kg, all mice survived, but presented some symptoms indicative of death, such as shortness of breath, movement reduction, drowsiness and tetany, and gradually recovered to normal after 30 min. At an injection dosage of 780 mg/kg, all mice survived, but one exhibited symptoms similar to that observed at the dosage of 910 mg/kg and the remaining mice presented mild symptoms, such as shortness of breath, movement reduction, and drowsiness, and recovered quickly. Notably, the mice administered with 650 and 260 mg/kg of TUDCA solutions only exhibited the mild symptoms observed in the injection dosage of 780 mg/kg.

The extent of tail injury was also correlated with the administered dosage of TUDCA solution. [Fig. 1](#f0015){ref-type="fig"} shows that the tails were inflamed after 48 h for dosages up to 780 mg/kg, but this was not observed when the dosages of TUDCA solution were 650 and 260 mg/kg.

3.2. Acute toxicity of NK-TUDCA {#s0115}
-------------------------------

### 3.2.1. NK-TUDCA toxicity at different pH values {#s0120}

The influence of pH on the toxicity of NK-TUDCA was evaluated. The results of survival time, survival status, and tail injury of the surviving mice at 48 h after injection are shown in [Table 3](#t0020){ref-type="table"} and [Fig. 2](#f0020){ref-type="fig"}.Table 3The toxicity of NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml) with different pH values after a single intravenous injection of 130 kIU/kg NK (n = 3).Table 3PreparationDeath rate (%)Survival time (min)StateNK (pH 5.0)1001, 2, 3[ddd](#tn0065){ref-type="table-fn"}NK (pH 6.0)1002, 2, 1[ddd](#tn0065){ref-type="table-fn"}NK (pH 7.0)1001, 2, 1[ddd](#tn0065){ref-type="table-fn"}NK (pH 8.0)1001, 1, 1[ddd](#tn0065){ref-type="table-fn"}NK-TUDCA (pH 5.0)0[a](#tn0050){ref-type="table-fn"}, [a](#tn0050){ref-type="table-fn"}, [a](#tn0050){ref-type="table-fn"}[b](#tn0055){ref-type="table-fn"}[b](#tn0055){ref-type="table-fn"}[b](#tn0055){ref-type="table-fn"}NK-TUDCA (pH 6.0)1007, 5, 3[ccc](#tn0060){ref-type="table-fn"}NK-TUDCA (pH 7.0)1003, 3, 2[ddd](#tn0065){ref-type="table-fn"}NK-TUDCA (pH 8.0)1001, 1, 2[ddd](#tn0065){ref-type="table-fn"}[^10][^11][^12][^13]Fig. 2Tail injuries of mice administered 5% Glu (A) and NK-TUDCA solution (10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) (B).Fig. 2

As shown in [Table 3](#t0020){ref-type="table"}, pH greatly influenced the toxicity of NK-TUDCA. For the group administered NK-TUDCA solution at pH of 5.0, no mice died within the 48 h observation period and only mild symptoms appeared after injection, such as shortness of breath, movement reduction, and drowsiness, and the recovery period was short. In addition, [Fig. 2](#f0020){ref-type="fig"} shows that the tails of the mice from this group also showed no injury during 48 h after administration. However, in other groups, all mice died within 7 min after administration; all mice treated with the NK solutions and NK-TUDCA solutions at pH 7.0 and pH 8.0 even bled from the mouth and nose before death. These results showed that the toxicity of NK-TUDCA was lowest at pH 5.0. Thereby, the pH of the NK-TUDCA was fixed at 5.0 in the subsequent experiments in our study.

Combining these results, we can analyze from the aspect in the formation of NK-TUDCA. Owing to the formation of NK-TUDCA through the electrostatic interaction between NK and TUDCA, the stoichiometric composition of NK and TUDCA will be greatly influenced by the pH of the preparative conditions. NK is stable in the pH range 5.0--9.0 [@bib0195], [@bib0200]; thus, the pH range of the conditions in which the complex was prepared was set between 5.0 and 8.0 to ensure NK was in a cationic state. Furthermore, NK was more positively charged with a decrease in the pH value of preparative conditions. TUDCA is a bile salt that contains a sulfonate group with a low pKa (\<2) [@bib0190]; hence, the charge was negative and hardly affected in the pH range 5.0--8.0. Consequently, there was a stronger binding force between NK and TUDCA when the pH of the preparation conditions was at 5.0; a tightly-bound complex (NK-TUDCA) by electrostatic interaction was obtained successfully.

### 3.2.2. NK-TUDCA toxicity at different concentrations of TUDCA {#s0125}

The influence of the concentration of TUDCA on the toxicity of NK-TUDCA was evaluated. The results of survival time, survival status, and tail injury of the surviving mice at 48 h after injection are shown in [Table 4](#t0025){ref-type="table"} and [Fig. 3](#f0025){ref-type="fig"}.Table 4The toxicity of NK-TUDCA (NK: 10 kIU/ml; pH 5.0) with different concentrations of TUDCA after a single intravenous injection of 130 kIU/kg NK (n = 3).Table 4Preparation (pH 5.0)Injection dosage of TUDCA (mg/kg)Death rate (%)Survival time (min)StateNK01001, 1, 1[ccc](#tn0080){ref-type="table-fn"}NK-TUDCA (TUDCA: 1 mg/ml)131002, 2, 4[ccc](#tn0080){ref-type="table-fn"}NK-TUDCA (TUDCA: 5 mg/ml)650[a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}[bbb](#tn0075){ref-type="table-fn"}NK-TUDCA (TUDCA: 10 mg/ml)1300[a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}[bbb](#tn0075){ref-type="table-fn"}NK-TUDCA (TUDCA: 15 mg/ml)1950[a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}, [a](#tn0070){ref-type="table-fn"}[bbb](#tn0075){ref-type="table-fn"}[^14][^15][^16]Fig. 3The tail injuries of mice administered 5% Glu (A) and NK-TUDCA solution (NK: 10 kIU/ml; pH 5.0) with TUDCA concentrations of 5 mg/ml (B), 10 mg/ml (C), and 15 mg/ml (D).Fig. 3

As shown in [Table 4](#t0025){ref-type="table"}, the concentration of TUDCA directly influenced the toxicity of NK-TUDCA. When the concentration of TUDCA in the NK-TUDCA solution (NK: 10 kIU/ml; pH 5.0) was 1 mg/ml, the mice died within 1 min of administration, and exhibited severe symptoms such as tetany, and bleeding from the mouth and nose. [Fig. 3](#f0025){ref-type="fig"} shows that all mice survived without inflammation or necrosis in their tails when the concentration of TUDCA was increased to 5, 10, or 15 mg/ml. To ensure the reduced toxicity was caused by the addition of TUDCA, the concentration of TUDCA in the NK-TUDCA solution (NK: 10 kIU/ml; pH 5.0) was fixed at 10 mg/ml in the following experiments for our further study.

Considering the different effects of reducing toxicity, we speculate that the micellar structure of TUDCA may mainly contribute to this phenomenon. TUDCA, a surfactant, will spontaneously form micelles when the concentration was above its critical micelle concentration (CMC). The results of the toxicity test of NK-TUDCA with different concentrations of TUDCA showed that the toxicity was significantly reduced when the concentration of TUDCA was above the CMC (\<5 mg/ml) [@bib0205], but was unchanged at a TUDCA concentration of 1 mg/ml. Therefore, we speculated that the toxicity reduction may be related to the packaging effect of TUDCA micelles on the surface of NK.

3.3. Repeated-dosage toxicity of NK-TUDCA {#s0130}
-----------------------------------------

The parameters of body weight and food uptake were used as indicators of the toxicity of NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) following repeated injection of an NK dosage of 13 kIU/kg. The results are shown in [Fig. 4A and B](#f0030){ref-type="fig"}.Fig. 4The average daily food uptake (A) and body weight (B) of the mice after repeated injection of NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) at a dosage of 13 kIU/kg NK. (n = 6). \* *P* \< 0.001 compared with 5%Glu, △*P* \< 0.001 compared with NK.Fig. 4

[Fig. 4A](#f0030){ref-type="fig"} shows that the average daily food uptake from the 5% Glu group was above 4.5 g throughout the entire experiment period and slightly increased with time. For the mice in the NK-TUDCA group, the food uptake remained at approximately 4.0 g and was significantly different from that reported for 5% Glu (*P* \< 0.001), but also showed a slight increase over time. However, the mice in the NK group had a lower food uptake (2.81 g) and showed a continuous decrease, which was significantly different from the results obtained for the 5% Glu (*P* \< 0.001) and NK-TUDCA (*P *\< 0.001) groups.

The trends in body weight were similar to those of food uptake. As shown in [Fig. 4B](#f0030){ref-type="fig"}, throughout the entire experimental period, the body weights of the mice in the groups of 5% Glu and NK-TUDCA were increased steadily (up to 24.2 and 22.7 g, respectively, on day 7), and the growth rates of 5% Glu and NK-TUDCA were significantly different (*P* \< 0.001). For the mice in the NK group, the body weight was almost unchanged (19.6 g) throughout the entire administration period and was significantly different to the 5% Glu (*P* \< 0.001) and NK-TUDCA (*P* \< 0.001) groups.

3.4. The *in vitro* thrombolytic activity of NK-TUDCA {#s0135}
-----------------------------------------------------

[Fig. 5](#f0035){ref-type="fig"} shows that the relative dissolution percentage of the NK-TUDCA solutions was calculated at different times to evaluate the influence from TUDCA on the fibrinolytic efficiency of NK.Fig. 5The efficiency of blood clot dissolution of NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA:1, 5, 10, 15 mg/ml; pH 5.0) (A), NK-TUDCA solutions (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0) (B) and the mixed solutions of NK and TUDCA (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0) (C).Fig. 5

[Fig. 5A](#f0035){ref-type="fig"} shows that all positive control groups clearly displayed thrombolytic activity. The blood clots dissolved completely because of the efficiency of NK and the dissolution time was 240 min. The data from the NK-TUDCA solutions (NK: 10 kIU/ml, TUDCA: 1, 5, 10, 15 mg/ml; pH 5.0) clearly showed that the addition of TUDCA affected the thrombolytic activity of NK. As the concentration of TUDCA increased in the NK-TUDCA solutions (1, 5, 10, 15 mg/ml), the dissolution rate slowed, and the time required to dissolve the entire clot increased to 240, 360, 420, and 480 min, respectively.

For further study of the delayed release effect of NK-TUDCA in dilute conditions, a comparison of the thrombolytic efficiency of the 20-fold diluted complex of NK-TUDCA and mixture of NK and TUDCA with the same concentration (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0) was conducted. It was important to note that all concentrations of TUDCA were below the CMC [@bib0205]. [Fig. 5B](#f0035){ref-type="fig"} shows that the NK-TUDCA solutions (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0) demonstrated delayed release with an increase in the concentration of TUDCA. Except for NK-TUDCA with 0.75 mg/ml TUDCA, all blood clots were dissolved within 18 h and the dissolution rate was slower in the higher concentrations of TUDCA. The dissolution percentage of NK-TUDCA (NK: 500 IU/ml, TUDCA: 0.75 mg/ml; pH 5.0) reached 100% when the dissolution time was extended to 30 h. In contrast, [Fig. 5C](#f0035){ref-type="fig"} shows that the physical mixture of NK and TUDCA (NK: 500 IU/ml, TUDCA: 0.05, 0.25, 0.50, 0.75 mg/ml; pH 5.0) showed only a slightly delayed release effect on the clot dissolution behavior; the dissolution process was similar to that for NK solution (NK: 500 IU/ml; pH 5.0).

Overall, the study of the *in vitro* thrombolytic activity of NK-TUDCA illustrated that there was a delayed release effect during the period of thrombolysis when the concentration of TUDCA was increased, but the effect was not apparent when the concentration of TUDCA was lower than the CMC. Furthermore, this delayed release of NK-TUDCA still occurred even after a 20-fold dilution, which resulted in a concentration of TUDCA below the CMC. We accounted for this phenomenon by considering that the disruption of TUDCA micelles was a time-consuming process as this delayed release effect did not appear in the physical mixture with the same concentration as NK-TUDCA after a 20-fold dilution. These results may demonstrate that the delayed release effect arises from the formation of a protective layer of TUDCA micelles on the surface of NK.

3.5. Characterize of NK-TUDCA {#s0140}
-----------------------------

### 3.5.1. Determination of zeta potential {#s0145}

The zeta potential of the solutions of NK (10 kIU/ml), TUDCA (10 mg/ml), and NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) were estimated and the results are shown in [Table 5](#t0030){ref-type="table"}. The mean zeta potentials of the solutions of NK, TUDCA, and NK-TUDCA were 2.11 ± 0.30 mV, −6.45 ± 0.74 mV, and -0.94 ± 0.88 mV, respectively. It was found that the positive charge of NK could be covered by the conjugation with the negative charged TUDCA micelles, and the absolute value of TUDCA solutions were also decreased by the electrostatic binding of NK.Table 5The zeta potentials of NK (10 kIU/ml; pH 5.0), TUDCA (TUDCA: 10 mg/ml; pH 5.0) and NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0).Table 5Sampleζ-potential (mV)NK2.11 ± 0.30TUDCA−6.45 ± 0.74NK-TUDCA−0.94 ± 0.88

### 3.5.2. Determination of particle size and morphology {#s0150}

The particle sizes of the solutions of NK (10 kIU/ml), TUDCA (10 mg/ml), and NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) were measured and the results are shown in [Fig. 6A, B and C](#f0040){ref-type="fig"}. The mean sizes of particles in the solutions of NK, TUDCA, and NK-TUDCA were 4.1 ± 0.4 nm, 3.4 ± 0.6 nm, and 11.8 ± 0.7 nm, respectively. The particle size in NK-TUDCA was significantly increased compared with NK or TUDCA (*P* \< 0.001), which demonstrated the successful formation of the NK-TUDCA complex. The diameter of NK-TUDCA was equal to the sum of the diameter of one NK particle and two TUDCA particles. The morphology of NK-TUDCA by TEM presented in [Fig. 6D](#f0040){ref-type="fig"} showed that NK-TUDCA existed as homogeneous spheres with a mean diameter of about 20 nm, which matched the results of the determination of particle size to some extent. When the hypothesis of reducing the toxicity explained above was combined with the results of particle size determination and morphology, the structure of NK-TUDCA can be clearly elucidated as the schematic depiction exhibited in [Fig. 6E](#f0040){ref-type="fig"}.Fig. 6The Nicomp diagram of the particle size distribution of NK (10 kIU/ml; pH 5.0) (A), TUDCA (TUDCA: 10 mg/ml; pH 5.0) (B), NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) (C), the morphology of NK-TUDCA (NK: 10 kIU/ml, TUDCA: 10 mg/ml; pH 5.0) by TEM (scale bar, 200 nm) (D), and the schematic depiction of NK-TUDCA (E).Fig. 6

From the above, the toxicity reduction can be summarized by the following process steps. Initially, the positive charge of NK was increased by lower pH conditions, which allowed the strong interaction with the TUDCA micelles. Secondly, the micelles possessed a better packaging effect compared with single TUDCA and served as a protective layer for NK to cover the enzyme activity center. Consequently, NK-TUDCA reduced the risk of hemorrhage following NK administration by causing the slow release of NK and preventing the release of a high concentration of free NK in plasma. During this process, the release of NK became increasingly delayed by the tighter packing effect of an increased amount of TUDCA micelles. The thrombolytic efficiency of NK in NK-TUDCA was activated to a reduced extent, but not weakened, and still possessed the inherent powerful efficiency of NK.

4. Conclusions {#s0155}
==============

In this study, the complex of NK-TUDCA was designed to reduce the toxicity of intravenous NK injection, which would allow a better utilization of NK that shows tremendous potential in thrombolysis. Both the acute toxicity test and repeated-dosage toxicity test showed that NK-TUDCA (NK: 10 kIU/ml; TUDCA: 10 mg/ml; pH 5.0) was less toxic than the NK solution. The thrombolytic test *in vitro* and characteristics of NK-TUDCA of NK-TUDCA showed that the reduced toxicity of NK-TUDCA might be caused by the delayed release of NK from the complex, which resulted in the reduction of free NK in plasma. Therefore, the toxicity evaluation of NK-TUDCA complex demonstrated the advantage of NK-TUDCA in lowering toxicity compared with NK, and this advantage will enable NK-TUDCA to make the treatment of thrombosis better.
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[^2]: The mouse was not dead at 48 h after injection.

[^3]: The mouse exhibited shortness of breath, movement reduction, and drowsiness.

[^4]: The mouse exhibited shortness of breath, movement reduction, drowsiness, and tetany.

[^5]: The mouse exhibited shortness of breath, tetany, bleeding from the mouth and nose, and death.

[^6]: The mouse was not dead at 48 h after injection.

[^7]: The mouse exhibited shortness of breath, movement reduction, and drowsiness.

[^8]: The mouse exhibited shortness of breath, movement reduction, drowsiness, and tetany.

[^9]: The mouse exhibited symptoms of tetany and death.

[^10]: The mouse was not dead at 48 h after injection.

[^11]: The mouse exhibited shortness of breath, movement reduction, and drowsiness.

[^12]: The mouse exhibited shortness of breath, movement reduction, drowsiness, and tetany.

[^13]: The mouse exhibited shortness of breath, tetany, bleeding from the mouth and nose, and death.

[^14]: The mouse was not dead within 48 h after injection.

[^15]: The mouse exhibited shortness of breath, sports reduction, and drowsiness.

[^16]: The mouse exhibited symptoms of shortness of breath, tetany, bleeding from mouth and nose, and death.
